The present study investigated the effects of tooth loss on learning and memory in rats by measuring hippocampal glutamate levels during a passive-avoidance task. The results clarified that tooth loss may be one of the factors inpending learning and memory; this is significant in the field of prosthodontics.
Introduction
Animal-model studies of hippocampal damage have documented impaired learning and memory, [1] [2] [3] [4] and a close correlation exists between the hippocampus and learning/memory. Water-maze 5 and radial-maze 6 studies have shown that molar tooth loss hinders spatial memory. Furthermore, one study reported that fewer pyramidal cells were present in the hippocampal CA1 region in rats with missing molars. 5 Furthermore, Kato et al. 7 used microdialysis methods and reported that molar tooth loss in rats decreased the release of acetylcholine in the parietal cortex, and Okuda et al. 8 used the same technique and documented that glutamate release in the hippocampus was reduced. These studies suggest that molar tooth loss may impair learning and memory. Kato et al. 7 injected K+ into the parietal cortex, and Okuda et al. 8 applied tetanic stimulation to the hippocampus to artificially activate brain function at the site of injection and subsequently measured glutamate release. These measurements were thus not performed under physiological conditions, and the relationship between tooth loss and learning/ memory could not be fully elucidated.
Glutamate is a major excitatory neurotransmitter in the central nervous system 9 and plays an important role in learning, memory, and neurological differentiation and generation as well as in neuronal death. [10] [11] [12] To clarify the effect of tooth loss on learning and memory, a telemetric glutamate biosensor was used in the present study to measure the release of hippocampal glutamate during a passive-avoidance learning task.
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Materials and methods
Experimental animals
Sixteen male Sprague-Dawley rats (SLC Japan, Hamamatsu, Japan) with a mean body weight of 129 g (range: 112-137 g) were used. Until the commencement of the experiment, rats were allowed free access to solid food (MF; Oriental Yeast, Tokyo, Japan) and tap water. The present study was conducted in accordance with the Osaka Dental University Animal Study Guideline and was approved by the animal study committee (approval number: 07-02041).
Behavior assessment during a passive-avoidance learning task The study used a step-through type passive-avoidance apparatus (SPA-R; Bio Research Center, Nagoya, Japan). The apparatus comprised a light compartment (420 × 430 × 450 mm) and a dark compartment (420 × 430 × 450 mm), separated by a guillotine door. The grid floor was composed of 5-mm stainless steel rods set 10 mm apart. Electric shock could be applied through these rods, using a shock generator (LE2708; Pan Lab, Barcelona, Spain). The study consisted of 2 trials, acquisition and retention, each performed once. During the acquisition trial, the rat was placed in the light compartment, and the guillotine door was opened after 90 s. As soon as the rat entered the dark compartment, the door was closed, and a 0.5-mA electric shock was applied for 1.5 s, using the shock generator. The rat was immediately removed from the dark compartment and returned to the cage. The duration between the entry into the light compartment and the entry into the dark compartment, i.e., reaction latency, was measured. After 24 h, the retention trial was conducted in the same manner, and the reaction latency was recorded. Reaction latencies during the acquisition and retention trials were compared. The cutoff was set at 300 s. If the rat did not enter the dark compartment, then reaction latency was considered to be 300 s.
Glutamate measurement using a biosensor 1) Telemetric biosensor system A telemetric biosensor system was used for quantifying glutamate (Pinnacle Technology, Kansas, USA). 13 The system consisted of a BS-GLUT-GH biosensor, a 3102RH wireless potentiostat board, and a 3100RX receiver base station (all from Pinnacle Technology). Data obtained from the biosensor were wirelessly transmitted from the potentiostat to the receiver base station and saved in a computer, using data acquisition and analysis software (PAL, Pinnacle Technology). Figure 1 shows the structure of the biosensor. The response time of the biosensor was excellent at 1-4 s, and the biosensor was capable of measuring rapid concentration changes. Glutamate is oxidized by the catalytic action of glutamate oxidase to alpha ketoglutaric acid and hydrogen peroxide (H2O2). H2O2 passes through a membrane via a passive selection process, and this action is detected as an electric current change by a Pt-Ir electrode with a bias voltage of 600 mV. Electrical activity interferences caused by ascorbic acid, which exhibits rapid concentration changes due to nerve stimulation, were selectively eliminated by ascorbic acid oxidase.
2) Structure of glutamate biosensor
3) Guide cannula insertion
Rats were subjected to cannulation surgery 1 week prior to measurement, when the rats were aged 6 weeks. Each rat was anesthetized by administering 50 mg/kg pentobarbital sodium and then fixed using SR-8N Stereotaxic Instrument (Narishige, Tokyo, Japan). While referring to the brain atlas of Paxinos et al., 14 a 3102C guide cannula (Pinnacle Technology) was inserted into the right hippocampal CA1 region (3.8 mm posterior, 2 mm lateral to the bregma, lower margin, 2.5 mm from the dura mater) ( Figure 2 ). To prevent rotation and displacement of the cannula, 2 bone screws were placed in the skull, and a quick self-curing acrylic resin (Unifast II; GC, Tokyo, Japan) was used to immobilize the shell housing the potentiostat and the guide cannula to the skull. Until the day of measurement, a dummy cannula was inserted and fixed using an O-ring.
4) Glutamate measurement
Prior to measurement, each sensor was calibrated using the following 3 reagents: phosphate-buffered saline (PBS) (100 mM, pH 7.4), glutamate stock solution (5 mM), and ascorbic acid stock solution (100 mM). The sensing cavity of the sensor was soaked in a beaker containing 5 mL PBS, and 10 μL glutamate stock solution was added at a time (glutamate concentration: 10 μM). The sensor recorded up to 40 μM concentrations of glutamate. Using the PAL analysis software, a standard calibration curve was plotted, and glutamate concentrations were calculated based on changes in the electric current, as measured by the sensor. At the end of each calibration, 12.5 μL ascorbic acid stock solution was added (ascorbic acid concentration: 250 μM) to confirm reactivity to ascorbic acid. The sensor was discarded if even slight reaction to ascorbic acid was identified. After the completion of sensor calibration, the sensor was inserted into the hippocampus under inhalation anesthesia using 4% isoflurane (Forane; Abbott Japan, Osaka, Japan) and 96% oxygen (flow rate: 3 L/min). In this manner, glutamate concentration could be monitored in real time immediately after surgery. Figure 3 illustrates the experimental procedures. At age 5 weeks, 16 rats were randomly divided into 2 groups: the EXT group (n = 8), in which tooth extraction was performed; and the CON group (n = 8), which served as a control group. In the EXT group, 5-week-old rats were intraperitoneally administered 50 mg/kg pentobarbital sodium (Nembutal; Dainippon Sumitomo Pharma, Osaka, Japan), and all the maxillary molars were extracted using forceps (Delicate C; GC). In the CON group, rats were anesthetized in the same manner, but tooth extraction was not performed. At age 6 weeks, the abovementioned guide cannula insertion surgery was performed in both groups. After 1 week to allow recovery, the 7-week-old rats were subjected to the passive-avoidance learning task to assess their behaviors and measure hippocampal glutamate release. The experiment was started ≥12 h after inserting the biosensor into the hippocampus, when the baseline had stabilized. Reaction latencies during the acquisition and retention trials were compared between the 2 groups. Release of glutamate was continuously measured from 10 Hippocampal Glutamate Release on Learning and Memory in Teeth-loss Rats The guide cannula was inserted in all rats at age 6 weeks, followed by a 1-week recovery period. (B) Procedures of the passiveavoidance learning task and hippocampal glutamate measurement at age 7 weeks. After the sensor was inserted into the hippocampus, baseline stabilization was confirmed on the monitor, and measurement was initiated. Glutamate and Reaction latency min before to 60 min after the start of each trial, and this 70-min period was divided into 14 samples of 5 min each. In each sample, the mean of the 5-min period was determined, and intergroup differences were evaluated. Throughout the experiment, changes in body weight were recorded. After the termination of the experiment, all rats were euthanized by injecting a lethal dose of pentobarbital.
Experimental procedures
Statistical analysis
Changes in the body weight and glutamate were analyzed using repeated-measures analysis of variance (ANOVA) with time and experimental group as the main variables. When a significant difference was present in the interaction between these 2 variables, the difference in the simple main effect of the groups for each time sample was analyzed. 15 A Mann-Whitney U test was also used to compare reaction latencies. The Statistical Package for the Social Sciences (SPSS) 12.0J software (SPSS Japan, Tokyo, Japan) was used for all the analyses, and p values < 0.05 were considered statistically significant. Figure 4 shows the changes in body weight. Repeated-measures ANOVA was conducted using the time and experiment group as the main variables. All rats exhibited significantly increased body weight over time (p < 0.001). No significant differences existed in body weight with respect to the experiment group (p = 0.765) or interaction (p = 0.732). In both groups, the body weight increased in a similar manner. Figure 5 shows the changes in reaction latency during the passive-avoidance learning task. Mann-Whitney U test did not reveal any significant intergroup differences in the reaction latency in the acquisition trial (p = 0.248). In both groups, the reaction latency was longer in the retention trial than in the acquisition trial, but it was significantly shorter in the EXT group than in the CON group (p = 0.002). Figure 6 illustrates the changes in the release of hippocampal glutamate. From 10 min before to 60 min after the start of each trial, the release of hippocampal glutamate was measured. Repeatedmeasures ANOVA was conducted using the time and experimental group as the main variables in order to ascertain the chronological changes across the 14 samples. In the acquisition trial, significant differences were present in hippocampal glutamate release in the EXT group (p < 0.001) and with respect to time (p < 0.001) and interaction (p < 0.001). Thus, the simple main effect between the groups for each time sample was calculated. No significant differences were observed in the glutamate release level for 15 minutes, from 10 minutes before to 5 minutes after the start of trial. Significant differences were noted from 5 to 60 minutes after the start of trial, with significantly lower hippocampal glutamate in the EXT group than in the CON group. In the retention trial, significant differences were detected between the groups with regard to the time (p < 0.001) but not with regard to the experimental group (p = 0.093) or interaction (p = 0.089). This shows that the changes in glutamate release in both groups were similar.
Results
Changes in body weight
Reaction latency
Changes in hippocampal glutamate
Discussion
Experiment methods
The present study is the first to quantify the release of glutamate, an excitatory neurotransmitter in the hippocampus, 16 along with simultaneous assessment of behaviors by measuring reaction latency during a passive-avoidance learning task performed by rats without molars. The microdialysis method has occasionally been used for microanalysis of cerebral compounds. In this method, although animals can move freely, the tube connecting the dialyzer and dialysis membrane restricts movements. Therefore, in past studies, drug administration 7 or electrical stimulation 8 was required to activate the hippocampus. However, the use of a telemetric biosensor in the present study provided the rats with complete freedom of movement. This enabled the measurement of hippocampal glutamate release in a physiologically active state during a passive-avoidance learning task.
Changes in body weight
Since the stress associated with tooth extraction and molar tooth loss can influence the body weight, each rat was weighed every week. One study using mice found that although the weight of the masseter muscle decreased, no marked changes occurred in the body weight. 17 Another study using rats reported that maxillary molar tooth loss did not influence the body weight. 18 In the present study, body weight increased in a similar manner in both groups, and tooth extraction had no effects on body weight, suggesting that experimental physical damage did not markedly affect the results. As the incisors were not extracted in the present study, rats were able to eat, and because the rats were given pellets made of powdered feed, digestion and absorption were easy. Thus, no marked intergroup differences in the changes in the body weight were identified.
Behavior assessment based on passive-avoidance learning task Learning and memory were assessed using a stepthrough type passive-avoidance apparatus. Passive avoidance-learning tasks utilize the fact that rats innately prefer dark places; these are typical behavioral experiments consisting of 2 trials: acquisition and retention, each performed once. In the retention trial, normal rats did not readily enter a dark compartment, but rats with impaired learning/memory promptly entered it. The learning and memory process comprises 3 stages: memorization, retention, and regeneration. These stages can be individually assessed by passiveavoidance learning tasks. 19 In the present study, the acquisition trial was equivalent to memorization, while the retention trial was equivalent to retention and regeneration.
No significant differences in reaction latency were identified during the acquisition trial, but the reaction latency increased in both groups during the retention trial, indicating an avoidance behavior, or in other words, learning and memory. However, reaction latency was significantly shorter in the EXT group than in the CON group, indicating that molar tooth loss somehow impeded the learning and memory process. In the past, water maze 5 and 8-direction maze 6 studies using rats without molars revealed reduced spatial learning and memory. The present study clarified that molar tooth loss also impeded avoidance behavior.
After tooth loss, the periodontal membrane disappears, and periodontal mechanoreceptors are lost. 20 Aoki et al. 21 reported that feeding a soft diet inhibited cell proliferation in the dentate gyrus of the rat hippocampus. Kimoto et al. 22 conducted a morphological study in rats and proved that tooth loss caused not only receptor loss but also neuro-nal death in the mesencephalic nucleus of the trigeminal nerve. In the present study, molars were extracted from relatively young rats in the EXT group; the rats in this group must have received reduced sensory input from the periodontal membrane to the central nervous system.
Studies have shown that molar tooth loss affects the central nervous system of rats and mice. [5] [6] [7] [8] 23, 24 It was reported that when the molars were extracted, the number of pyramidal cells in the hippocampal CA1, CA3, and CA4 regions decreased. Furthermore, spatial learning and memory, as assessed using an 8-direction maze, were impaired, with the most marked impairments occurring after the extraction of the maxillary molars. 6 Studies have reported that tooth loss reduces the levels of hippocampal acetylcholine. 24, 25 In addition, reduced information input has been shown to induce neuronal death, 26 suggesting a reduced population of hippocampal pyramidal cells. Tooth loss appeared to not only cause the death of the neurons in the mesencephalic nucleus of the trigeminus 22 but also induce hippocampal dysfunction, thus impeding learning and memory.
Changes in hippocampal glutamate
Hippocampal excitatory synaptic transmission involves glutamate as a neurotransmitter, 16 and the plasticity of synaptic transmission, which depends on synaptic activation, is the molecular foundation of learning and memory. 27 Long-term potentiation (LTP) is a typical phenomenon associated with long-term enhancement of synaptic transmission in the hippocampal CA1 region induced by high-frequency synaptic activation. 12 Okuda et al. 8 applied LTP-inducing tetanic stimulation to rats without molars and reported that the release of hippocampal glutamate was lower in these rats than in rats with healthy teeth. In the present study, the release of glutamate after the beginning of the acquisition trial was lower in the EXT group than in the CON group. This suggested that synaptic activation was less likely to occur in the EXT group and LTP was less likely to be expressed, thus reducing the flow of information required for memorization. In other words, the release of glutamate during the acquisition trial in rats without molars was reduced, impeding learning and memory, as reflected by the significantly shorter reaction latency in the EXT group in the retention trial.
Nakazawa et al. 28 conducted a study using NR1 knockout mice and reported that the hippocampus played an important role in not only memory acquisition but also memory recall. In the present study, the changes in glutamate release during the retention trial were similar in both groups, suggesting that during memory recall, the hippocampus must be activated during the process at which learned memory is retained and regenerated. However, this could not be confirmed in the present study.
Conclusion
To clarify the effects of molar tooth loss on learning and memory, rats were subjected to a passiveavoidance learning task to ascertain behaviors and hippocampal glutamate release. The results were as follows: 1. During the acquisition trial of the passive-avoidance learning task, no significant differences in reaction latency were detected. During the retention trial, the reaction latency increased in both groups, but was significantly shorter in the EXT group. 2. During the acquisition trial, the release of hippocampal glutamate was significantly lower in the EXT group, but no significant differences were seen during the retention trial.
The above findings clarify that molar tooth loss may be one of the factors impeding learning and memory.
